Results-There was a correlation between shunt variables determined by PISA and those by catheterisation, including shunt volume (r = 0-78, P = 0.001) and shunt fraction (r = 0 74, P = 0.003). Qp:Qs was also significantly correlated with SFR (r = 0 79, P = 0.0007). The SFR was significantly different between the four patients with Qp:Qs < 2-0 (mean (SD) 54 (33) m/sliM2) and the 10 patients with Qp:Qs > 2-0 (186 (69) mllslm2) (P = 0.004). Conclusions-These data suggest that the PISA method is a reliable non-invasive investigation for the quantitative assessment of VSD shunt flow and provides important information for decisions regarding surgical repair.
A flow convergence region is visualised as an aliased hemispheric area at the proximal region of a valvar orifice by Doppler colour flow mapping in patients with mitral regurgitation. Previous studies have demonstrated the ability to assess regurgitant flow volume quantitatively by measuring the flow convergence area, or proximal isovelocity surface area (PISA), in both experimental and clinical settings.'-6 PISA is not only imaged in patients with valvar regurgitation but also in patients with shunts from congenital heart diseases, especially ventricular septal defects (VSD). Recently this hydrodynamic concept has been used to develop a non-invasive method for quantitative assessment of shunt flow across a VSD.7 However, there are several potential error sources in the clinical application of PISA to shunt measurement in VSD. It is also unclear whether this non-invasive method is reliable and accurate compared with evaluation by cardiac catheterisation. The present study modified the PISA method with a shunt phase correction using a spectral Doppler echocardiogram to determine whether the method could provide precise measurements of the magnitude of shunt flow.
Methods

PATIENT SELECTION
Thirty four children with VSD were referred to our cardiology outpatient clinic between 1993 and 1994 to determine whether surgical closure was indicated. Fourteen of the 34 patients, aged 4 months to 6 years (median 11 months), subsequently underwent cardiac catheterisation to determine the need for VSD closure and formed the study group. All 14 patients had a perimembranous VSD. Digoxin or diuretics had been taken by 13 of 14 study patients.
DOPPLER COLOUR FLOW MAPPING All 14 patients underwent Doppler colour flow mapping for assessment of VSD shunt flow using the PISA method after routine echocardiographic evaluation including cross sectional, M mode, Doppler colour flow mapping, and spectral Doppler studies. Infants were sedated with triclofos sodium (100 mg/kg) for the examination. Echocardiographic examination was performed using a Hewlett Packard Sonos 1500 (Tokyo, Japan) with a 3-5 or 5 MHz transducer. The aliasing velocity in this study with colour Doppler imaging by the PISA method ranged frQm 31 to 51 cm/s. The colour gain level was kept just below the point where static noise was visible in the colour signal. The frame memory function, which allows frame by frame analysis, and the zoom function were employed to obtain a high quality image of the PISA of the VSD shunt flow. The frame image of maxi-mum hemispheric PISA of the VSD shunt flow was obtained on the oblique four chamber view, long axis view or both in each patient.
DOPPLER COLOUR FLOW MEASUREMENTS
The PISA was defined on Doppler flow mapping as a hemispheric area of laminar flow with aliased velocities entering the restrictive orifice. The first aliasing region may be considered a hemispheric isovelocity surface. The radius of hemispheric PISA, from the border of the first colour convergence to the centre of the VSD, was measured manually (fig 1) . The continuity equation predicts that all flow crossing this boundary, boundary of the PISA, will enter the orifice, and thus the flow velocity area along this surface should equal the instantaneous flow volume. Multiplying the area of the isovelocity hemisphere surface (cm2) by the velocity (aliasing velocity) (cm/s) along it yields an index of flow. Therefore, it is possible to calculate the flow rate (in ml/s) by the following formula: flow rate = 2 Xr r2 V, where r is the radius of hemispheric PISA and V is the aliasing velocity.
VSD SHUNT FLOW CALCULATIONS
The VSD shunt flow rate (SFR) (in ml/S/m2) was obtained using the aforementioned formula indexed to body surface area. The shunt of a restrictive VSD is mostly detected during the systolic phase. The VSD shunt duration (in seconds) was 
Results
VSD SHUNT ESTIMATION BY DOPPLER FLOW MAPPING AND CARDIAC CATHETERISATION
The table shows the shunt flow variables obtained by both the PISA method using Doppler colour flow mapping and cardiac catheterisation. The SFR by the PISA method ranged from 22-302 mI/s/m2 (mean 70 (79)). Shunt volume by the PISA method ranged from 7-78 ml/m2 (mean 38 (20)) and by cardiac catheterisation it was 9-64 ml/m2 (mean 39 (15)). Shunt fraction by PISA ranged from 8-80% (mean 46 (22)) and by catheterisation it was 14-60% (mean 45 (14) 2B) . There was also a positive correlation (r = 0 74, P = 0 003) between the shunt fraction by the PISA method and by cardiac catheterisation ( fig 3A) . Standard error of the estimate was 4%. Again there was an overestimation using the PISA method in patients with large shunts and underestimation in patients with small shunts (fig 3B) . The Qp:Qs by Fick ranged from 1-3-2-8 (mean 2-2 (0 5)). There was a significant correlation (r = 0 79, P = 0 0007) between SFR by PISA and Qp:Qs by Fick (fig 4) . The SFR measured by the PISA method in all four patients with a Qp:Qs ratio < 2-0 was less than 100 ml/s/m2 (mean 54 (33)) and in all 10 patients with a Qp:Qs ratio > 2-0 it was greater than 100 ml/s/m2 (mean 186 (69)) (P = 0-004).
REPRODUCIBILITY
There was excellent inter-and intraobserver agreement for the calculation of SFR by PISA (r = 0-98 for both). Intraobserver difference was 11 (8) Shunt flow rate by PISA (ml/s/m2) Figure 4 The relation between shuntflow rate measured by PISA and pulmonary to systemic flow ratio (Qp:Qs This study has shown the possibility of using echocardiographic assessment of VSD for determining whether surgical closure is required. An SFR of 100 ml/s/m2 is the cut off point for VSD shunt magnitude, equivalent to a Qp:Qs ratio of 1 9. In our institution, the criterion for surgical closure of a VSD without pulmonary hypertension has been a Qp:Qs ratio of 1 8 by the Fick principle,'7 which corresponds to a 75 mIl/s/m2 shunt flow rate by the PISA method. An SFR of 125 ml/s/m2 is equal to a Qp:Qs ratio of 2-0.
Multiple VSD is a difficult anomaly for surgical decision making as well as for clinical management. The PISA method may give further information in the assessment of multiple VSD. The PISA method may provide assessment of VSD shunt magnitude for each defect in patients with multiple VSD.
CONCLUSIONS
Our results suggest the ability of the PISA method to quantify shunt volume in patients with VSD. PISA can provide important information for decisions regarding surgical repair. Further study is required to confirm the reliability and accuracy of PISA.
